Heterosis and combining ability estimates were worked out through Line x Tester analysis of 36 hybrids developed by crossing 18 lines (Males) with two cytoplasmic male sterile (CMS) lines (Females) to know the genetic architecture of various agro-morphological traits in rice for development of hybrids under temperate conditions. Analysis of variance revealed significant differences among genotypes, crosses, lines, testers and line x tester interactions for all the studied traits. Preponderance of non-additive gene effects was realized by higher values of specific combining ability compared to general combining ability, ratio of variances of SCA to GCA and average degree of dominance. The proportional contribution of testers was observed to be lower than that of line x tester interactions thus higher estimates of SCA variances.
Introduction
Rice (Oryza sativa L.) is an important cereal crop and staple food of Kashmir valley (India). It is cultivated within an altitude range of 1500-2200 m amsl (above mean sea level). At the current growth of population, rice requirement increases drastically, hence it is challenging task to ensure food and nutritional security to the people of valley. Though during past two and half decades, a number of high yielding rice varieties have been released, rice productivity in the valley has reached a plateau in the recent years and chances of further yield enhancement are scanty due to low genetic variability in hill rice cultivars (Sanghera and Wani, 2008) . Therefore, enhancing productivity of rice through novel genetic approaches like hybrid rice was felt necessary. Hybrid rice technology will offer an opportunity to boost the yield of rice under temperate valley conditions and to break through the yield ceilings of semi dwarf varieties, as hybrid rice varieties have a yield advantage of 15-20% over the conventional high yielding varieties (Virmani, 1996) . Rice being self pollinated crop, must involve use of an effective male sterility system to develop and produce F 1 hybrid varieties. For efficient hybrid rice breeding programme, availability of stable CMS lines, maintainers, identification of restorers and evaluation of parental lines and conversion of promising maintainer lines in to CMS lines forms an integral part of hybrid rice technology. Recently, (Sanghera et al., 2010) have developed 'SKAU 7A' and 'SKAU 11A' cold tolerant CMS lines with better agro-morphological and floral characteristics that can be utilized for development of medium bold rice hybrids with good grain quality for temperate conditions of Kashmir (India). Thus, to exploit maximum heterosis using CMS system in the hybrid programme, one must know the combining ability of different male sterile and restorer lines. The knowledge of combining ability is useful to assess nicking ability among genotypes and at the same time elucidate the nature and magnitude of gene actions involved. Its role is important to decide parents, crosses and appropriate breeding procedures to be followed to select desirable segregants (Salgotra et al., 2009) . The general combining ability could identify superior parental genotypes where as specific combining ability helps in identification of good hybrid combinations which may ultimately lead to the development of hybrids (Saleem et al., 2008) . The presence of non-additive genetic variance is the primary justification for initiating the hybrid programme (Pradhan et al., 2006) . Line x Tester (Kempthorne, 1957) analysis is one of the most powerful tools for estimating the general combining ability (GCA) of parents and selection of desirable parents and crosses with high SCA for the exploitation of heterosis (Rashid et al., 2007; Sarkar et al., 2002) .
Though a good quantum of research work has been documented on fertility restoration, heterosis and combining ability analysis in rice hybrids, but possibilities for 50% flowering, pollen fertility percent, spikelet fertility percent, tillers per plant and productive tillers per plant were found significant. The significant difference of mean squares between parents and crosses for all the traits indicates that they are suitable for combining ability studies. Further, significant mean squares of parent vs. crosses revealed good scope for manifestation of heterosis in all the studied traits. These results coincide with the findings of ( Jayasudha and Sharma, 2009; Rahimi et al., 2010) . They also found significant difference among parents vs. crosses. The significant differences between lines x testers interaction for these traits, indicated that specific combining ability attributed heavily in the expression of these traits and provide the importance of dominance or non additive variances for all the traits. Several researchers have reported the predominance of dominant gene action for a majority of the yield traits in rice (Faiz et al., 2006; Satyanarayan et al., 2000) . The significant mean squares of lines and testers also revealed the prevalence of additive variances for the traits studied. Occurrence of both additive and non additive gene effects for yield and important yield component traits in rice has been reported in earlier studies (Bansal et al., 2000; Rahimi et al., 2010; Sukhpal et al., 2005; Thirumeni et al., 2000) .
Major role of non-additive gene effects in the manifestation of all the traits was observed by higher value of specific combining ability variance (σ 1/2 being greater than one (Tab. 2). Importance of non-additive genes for expression of yield and its components have also been reported (Dalvi and Patel, 2009; Malani et al., 2006; Saidaiah et al., 2010; Silvaraj et al., 2011; Swamy et al., 2003) . The present results indicate the preponderance of non-additive gene action in the expression of all the traits studied and a very good prospect for the exploitation of non-additive genetic variation for traits through hybrid breeding. In present study, grain parameters like grain length, grain breadth and their ratio recorded higher SCA variance than GCA variance. Vanaja et al. (2003) and Thakare et al. (2010) also reported higher estimates of SCA variances than GCA variances for these grain quality parameters. Furthermore, based on the present study all the eighteen (18) traits revealed low narrow sense heritability (15.07 to 29.97%) although the highest specific heritability was calculated for flag leaf area (29.97%). Similar results were obtained by Mirarab et al. (2011) that showed low narrow sense heritability for different traits studied thus indicating that non-additive effects play an important role in controlling the traits. Ahmadikhah (2008) also reported a low specific heritability for yield-related traits and Wu et al. (1986) reported a low specific heritability for tiller number and grain yield of rice. Therefore, it seems that hybridization must be a choice for utilizing the putative heterosis in special crosses. exploitation of hybrid rice under temperate Kashmir conditions has not been explored yet. Therefore the present investigation was carried out to assess the combining ability of newly developed male sterile and identified restorer lines for the exploitation of maximum heterosis in F 1 for yield and yield contributing traits under temperate conditions.
Materials and methods
The present investigation was conducted during the years 2010-2011 at Mountain Research Centre for Field Crops, Khudwani (34°N latitude and 74°longitude) of Sher-e-Kashmir University of Agricultural Sciences and Technology of Kashmir (India). The experimental material used for study comprised of two newly developed and well adapted temperate CMS lines viz. 'SKAU 7A' and 'SKAU 11A' and eighteen males ('SKAU-405' , 'Jhelum' , 'K-08-60-2' , 'SKAU-403' , 'SKAU-407' , 'K-08-59-3' , 'China-1007' , 'SR-1' , 'SKAU-389' , 'K-08-59-1' , 'SKAU-292' , 'SKAU-391' , 'SKAU-354' , 'SKAU-46' , 'Chenab' , 'SKAU-406' , 'K-08-61-2' and 'SR-2') that were selected out of the elite germplasm collection maintained at Mountain Research Centre for Field Crops, Khudwani. Crosses were made in Line x Tester fashion by pollinating the two CMS lines 'SKAU 7A' and 'SKAU 11A' with aforementioned testers during the wet season 2010. The resulting 36 F 1 hybrid combinations along with 20 parents were grown in complete randomized block design in three replications during wet season 2011. Thirty days old seedlings with single plant/hill were transplanted in a 5 m long row with inter and intra row spacing of 20 and 15 cm, respectively. One line of each entry was planted in each replication. All the recommended agronomic and plant protection practices were uniformly followed throughout the crop growth period for raising ideal crop stand. In each entry, five plants were selected randomly from each replication and biometrical observations were recorded on pollen fertility (%), spikelet fertility (%), number of spikelets per panicle, number of filled grains per panicle, number of chaff seed per panicle, panicle length (cm), number of tillers per plant, number of productive tillers plant, plant height (cm), flag leaf area (cm 2 ), biological yield per plant (g), grain yield per plant (g), harvest index (%), grain length (mm), grain breadth (mm) and grain length/breadth ratio. Days to maturity and days to 50% flowering were recorded on plot basis. Combining ability analysis was carried out according to the standard given by Kempthorne (1957) through a computer generated programme WINDOW STAT.
Results and discussion
The analysis of variance revealed highly significant differences among the crosses, genotypes, parents, parent vs. crosses, crosses and lines x testers interaction for all the characters studied (Tab. 1), where as for testers, days to The proportional contribution of lines, testers and their interaction to the total variance showed that lines played an important role towards the trait indicating predominant lines influence for traits (Tab. 3). The greater contributions of lines x testers interaction than testers for all the characters except number of tillers per plant indicates higher estimates of specific combining ability variance effects. These results are in agreement with the findings of Rashid et al. (2007) .
The close examination of results revealed that none of the parents showed significant GCA effects simultaneously in the desired direction for all the traits studied (Tab. 4). However, to find the good parent for subsequent hybrid rice development, variation in GCA effects was estimated among lines and testers for all the traits. Among the lines 'K-08-61-2' , 'K-08-60-2' , 'SR-2' , 'Jhelum' , 'SKAU-403' , 'K-08-59-3' , 'SKAU-389' and 'K-08-59-1' had favorable genes for grain yield per plant due to significant positive GCA effects. The relative magnitude of GCA effects revealed that the per se performance for grain yield were generally related to GCA effects (Tab. 5). In general, higher per se performance for all the traits was associated with higher GCA effects except for days to 50% flowering, number of productive tillers per plant and number of filled grains per panicle. Correspondence between per se performance and GCA effects for most of the traits in rice has been observed by Rossaman and Vijaykumar (2005) and Sharma et al. (2005) . Furthermore, 'SR-2' , 'SKAU-389' , 'Jhelum' and 'SKAU-292' were the top most performers and identified as desirable parents for early maturity. 'K-08-61-2' was observed to have GCA effects in desirable direction for maximum traits including spikelet fertility percent, pollen fertility percent, grain yield per plant, number of spikelets per panicle, number of filled grains per panicle, number of chaff seed per panicle, panicle length, harvest index and flag leaf area. Singh et al. (1996) and Bagheri and Jeoldar (2010) also observed good general combiner male parents for yield and various yield components in rice. Lines 'K-08-61-2' for spikelet fertility percent, pollen fertility percent, chaff seed per panicle, panicle length, flag leaf area and grain yield per plant, 'K-08-59-3' for more number of spikelets per panicle, and number of filled grains panicle, 'SR-1' for more number of tillers per plant, 'Jhelum' for number of productive tillers per plant, 'SKAU-391' for plant height, 'SKAU-407' for biological yield per plant, 'K-08-60-2' for harvest index (%) Grain L/B ratio and grain length and 'SKAU-389' for grain breadth were found as desirable parents with highest and significant GCA effects. The female parent 'SKAU 11A' was found to be a good combiner for number of productive tillers per plant, number of tillers per plant, number of filled grains per panicle and number of chaff seed per panicle. Similar results have been reported by earlier workers (Sao and Motiramani, 2006; Sarkar et al., 2002) in rice, who observed female parents to be significant for some of the yield contributing traits. 'SKAU 11A' was found to be a good general combiner for flag leaf area and days to 50% flowering due to high GCA effects. Based on the present results, it was observed that for plant height maximum parents fourteen (14) , 1998; Roy and Mandal, 2001; Singh and Kumar, 2004) . The cross combination 'SKAU 11A' x 'K-08-60-2' was one of the top best specific combination for acceptable and significant SCA effects for grain yield per plant and other desirable characters like pollen fertility percent, spikelet fertility percent, less number of chaff seed per panicle, number of filled grains per panicle, panicle length, flag leaf area, biological yield per plant, harvest index and grain breadth. In addition, significant SCA effect for grain yield per plant was also observed in the cross combinations 'SKAU 7A' x 'K-08-61-2' , 'SKAU 7A' x 'SR-2' , 'SKAU 11A' x 'K-08-60-2' , 'SKAU 11A' x 'K-08-59-3' and 'SKAU 7A' x 'SKAU-389' . The best crosses in respect of per se performance, GCA effects and SCA effects for different traits studied are presented in Tab. 7. The perusal of SCA effects along with per se performance revealed that some of the crosses showing desirable SCA effects were also having superior per se performance for most of the traits thus indicating the selection of these crosses on the followed by biological yield per plant (11) and number of spikelets per plant (11). Based on the estimates of SCA effects none of the cross combinations exhibited significant and desirable SCA effect for all the parameters studied (Tab. 6) indicating that no specific combination was desirable for all the traits studied. These results are in complete agreement with earlier findings (Ghosh, 1993; Subramanian and Rathinam, 1984; Tiwari et al., 2011) . Since, yield per plant is ultimate goal of rice breeding and hybrid development programme. For this trait, eleven hybrid combinations viz. 'SKAU 11A' x 'K-08-60-2' , 'SKAU 11A' x 'SKAU-403' , 'SKAU 11A' x 'K-08-59-3' , 'SKAU 11A' x 'SR-1' , 'SKAU 7A' x 'SKAU-389' , 'SKAU 7A' x 'K-08-59-1' , 'SKAU 11A' x 'SKAU-391' , 'SKAU 7A' x 'SKAU-354' , 'SKAU 7A' x 'SKAU-46' , 'SKAU 7A' x 'K-08-61-2' and 'SKAU 7A' x 'SR-2' were found good specific combinations based on high and significant SCA effects. High SCA effects for grain yield using line x tester analysis have earlier been reported (Gan- gene action for expression of these traits. These results are supported with the findings of Bagheri and Jeoldar (2010) and Saidaiah et al. (2010) . Besides these interactions, involvement of high x high, low x low and average x average were also found in different cross combinations for various traits i.e. 'SKAU 7A' x 'SR-2' for early maturity, 'SKAU 7A' x 'SKAU-389' and SKAU7A x 'SR-2' for number of filled grains per panicle, 'SKAU 7A' x 'Jhelum' for number of productive tillers per plant and SKAU11A x 'SKAU-389' for flag leaf area had high mean performance and highly significant SCA effects that involve high x high GCA effects of parents. Saidaiah et al. (2010) and Salgotra et al. (2009) also reported about interaction between positive alleles in crosses involving high x high combiners which can be fixed in subsequent generations for effective selection, if no repulsion phase linkages are involved. Involvement of both the poor combiners also produced superior specific combining hybrids as evident from the combinations 'SKAU 11A' x 'SKAU-406' , 'SKAU basis of per se performance will be effective. These results are in line with those of Petchiammal and Kumar (2007) ; Saleem et al. (2010) and Selvaraj et al. (2011) who reported several promising specific combiners based on high per se performance and SCA effects for grain yield per plant. Similarly for other traits, sets of good specific combinations were identified based on high mean performance and SCA effects. In this regard, 'SKAU 7A' x 'SR-2' for days to 50% flowering and days to maturity, 'SKAU 11A' x 'K-08-61-2' , 'SKAU 11A' x 'SR-2' and 'SKAU 11A' x 'K-08-60-2' for spikelet fertility percent, 'SKAU 7A' x 'Jhelum' for number of tillers per plant and number of productive tillers per plant and 'SKAU 11A' x 'SKAU-389' for flag leaf area were promising ones. The significant SCA effects compared with per se performance for different traits in rice have also been reported by Saidaiah et al. (2010) .
Furthermore, the majority of cross combinations were involved with high/low or average/low type of gene interactions which substantiate the operation of non-additive ers with low GCA has been attributed to Dominance x Dominance interaction, which have also been suggested by Singh et al. (2005) , Dalvi and Patel (2009) in rice. However, the desirable performance of combination like high x low may be ascribed to the interaction between dominant alleles from good combiners and recessive alleles 11A' x 'SKAU-405' and 'SKAU 11A' x 'Chenab' for Days to maturity, 'SKAU 11A' x 'SKAU-391' for number of spikelets per panicle, 'SKAU 7A' x 'Chenab' for flag leaf area, 'SKAU 11A' x 'SKAU-391' for biological yield per plant and 'SKAU 11A' x 'K-08-60-2' , 'SKAU 11A' x K-08-61 for grain breadth. Involvement of both the combin- been reported by Kumar et al. (2007) , Faiz et al. (2006) ; Bagheri and Jeoldar (2010) in rice, as their high yielding potential would be unfixable in succeeding generations (Peng and Virmani, 1990) . Furthermore, hybrid combinations which show non-significant SCA effects (average effects) but originated from parents having high GCA from poor combiners (Dubey, 1975) . Such combinations in present study were observed in most crosses as evident from Tab. 7. Generally, such cross combinations involving at least one low general combiner indicates both additive and non-additive gene action, which infers the exploitation of heterosis in F 1 generation, similar findings have effects (additive gene effects) can be used for recombination breeding with easy selection of desirable segregates particularly for developing high yielding pure lines due to presence of additive gene action (Saleem et al., 2010; Tiwari et al., 2011) . Thus present study on combining ability using CMS system revealed presence of both additive and non-additive variances with preponderance of non-additive variances (σ 2 SCA) for all the traits studied thus indicating the ample scope of hybrid rice breeding programme under temperate conditions and needs to be exploited following appropriate breeding procedures. Further, based on results of the nature and magnitude of gene action simultaneously with combining ability we could not identify any parent/cross suitable for all the desirable attributes. Thus hybridization of parents with good GCA effects has an ample scope of throwing promising transgressive segregants in the segregating generations to be used as commercial varieties. The promising crosses with desirable SCA effects for most of the characters and involving good/good or average/good 
